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Available online 14 June 2016Despite the great success achieved by the exploitation of heterosis in rice, the genetic basis
of heterosis is still not well understood. We adopted an advanced-backcross breeding
strategy to dissect the genetic basis of heterosis for yield and eight related traits. Four
testcross (TC) populations with 228 testcross F1 combinations were developed by crossing
57 introgression lines with four types of widely used male sterile lines using a North
Carolina II mating design. Analysis of variance indicated that the effects of testcross F1
combinations and their parents were significant or highly significant for most of the traits
in both years, and all interaction effects with year were significant for most of the traits.
Positive midparent heterosis (HMP) was observed for most traits in the four TC populations
in the two years. The relative HMP levels for most traits varied from highly negative to highly
positive. Sixty-two dominant-effect QTL were identified for HMP of the nine traits in the four
TC populations in the two years. Of these, 22 QTL were also identified for the performance
of testcross F1. Most dominant-effect QTL could individually explain more than 10% of the
phenotypic variation. Four QTL clusters were observed including the region surrounding the
RM9–RM297 region on chromosome 1, the RM110–RM279–RM8–RM5699–RM452 region on
chromosome 2, the RM5463 locus on chromosome 6 and the RM1146–RM147 region on
chromosome 10. The identified QTL for heterosis provide valuable information for dissecting the
genetic basis of heterosis.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Rice (Oryza sativa L.) is the staple food of more than half the
world's population [1,2]. It is estimated that 40%more rice needso), g.ye@irri.org (G. Ye).
cience Society of China a
work.
ina and Institute of Crop
license (http://creativecomto be produced to feed the increased population by 2025 [3]. To
further improve yield potential through breeding remains a
challenge. Exploitation of intra- or inter-subspecific heterosis
has beendemonstrated to beaneffectivemethod for significantlynd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
469T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 6 8 – 4 7 8increasing yield potential in rice [4,5]. Rice hybridswith high yield
advantages over inbredcultivarshavebeendevelopedandwidely
adopted inmany countries, especially inChina,where hybrid rice
varieties occupy 57% of the rice-growing area [6,7].
Despite the great success achieved by the exploitation of
heterosis for improving rice yield [8,9], the genetic basis of the
heterosis exhibited in hybrid rice is still not well characterized.
Three classical genetic hypotheses (dominance, overdominance,
and epistasis) have been proposed as the driving factors for
heterosis [10]. The validity of each hypothesis seems to depend
ongeneticmakeupsof traits andhybrids inquestion, as indicated
in many recent quantitative trait locus (QTL) mapping studies.
For example, Xiao et al. [11] reported that dominance comple-
mentation was the major genetic basis of heterosis using the
BC1F7 progeny of an intersubspecific cross between 9024 (indica)
and LH422 (japonica).Most of the identifiedQTL for yield and a few
yield-component traits had overdominant effects in the study of
Yu et al. [12]. These authors [12] also found that epistasis played
an important role in determining the heterosis observed in the
cross Zhenshan 97 × Minghui 63. Similarly, the importance of
epistasis was reported for heterosis of yield component traits by
Li et al. [13] using the F4 progeny of a cross between the japonica
cultivar Lemont and the indica cultivar Teqing. Using apopulation
of recombinant inbred lines (RILs) derived from the same cross
(Lemont × Teqing), Li et al. [14] confirmed that epistasis and
overdominance were themain factors in heterosis. Luo et al. [15]
conducted a large QTL mapping study using two backcross and
two testcross populations by crossing RILs derived from the
cross Lemont × Teqing to the twoparental lines plus two testers
(Zhong 413 and IR64) and further confirmed that epistasis and
overdominance were important for heterosis. Similarly, additive
and overdominant effects resulting from epistatic loci may
have been the primary genetic basis of heterosis in Luo et al.
[16]. Hua et al. [17] found that overdominance at the
single-locus level and all three forms of digenic interaction
(additive ×additive, additive × dominance, and dominance ×
dominance) could adequately explain the genetic basis of
yield heterosis observed in an elite indica hybrid, Shanyou 63
(Zhenshan 97 × Minghui 63) using an immortalized F2 popu-
lation produced by randomly permuted intermating of 240
RILs. The same immortalized F2 population was recently
genotyped by population sequencing to construct an
ultra-dense bin map by Zhou et al. [8]. QTL mapping based on
the bin map found that overdominance/pseudo-overdominance
was themost important contributor to heterosis of yield, number
of grains per panicle, and grainweight. Dominance × dominance
interaction played an important role in the genetic basis of
heterosis of tillers per plant and grain weight, as well as roles in
yield and grain number, and single-locus dominance showed
relatively small contributions for all of the traits [18]. These
results suggested that the relative contributions of the genetic
components varied with trait and that the cumulative effects
of these components may adequately explain the genetic
basis of heterosis.
Introgression lines (ILs) are developed using one parent
(recurrent parent, RP) as the genetic background and others as
introgression parents (donors) by sequential backcrossing and
selfing, and there are no differences between RP and each ILs
except the introgressed loci. Consequently, a library (population)
of ILs offers an accuratemeans of investigating the genetic effectsof introgression in a relatively uniform and elite background
[19,20]. Thus, ILs are well suited to defining the core genomic
segments influencing target traits and further genetic improve-
ment. Recently, several studieshaveused ILs to identify favorable
genes/QTL for heterosis [20–22]. Luo et al. [20] tested a set of 265
ILs derived from the indica cultivar Guichao 2 and Dongxiang
common wild rice (O. rufipogon Griff.) and found that 71.5% of
heterotic loci (HL) showed significantly positive effects, indicating
that favorable HL capable of improving agronomic traits were
available inO. rufipogon. Xin et al. [21] identified HL using a set
of 70 ILs carrying introgressed segments of a japonica cultivar
Asominori in the background of an indica cultivar IR24 and
corresponding testcross F1 populations. A total of 41 HL were
detected on the basis of midparent heterosis values using
single-point analysis. Of the HL, 24 had positive effects and
could be used in improving yield potential.
Recently, we developed a large number of ILs using Shuhui
527 (SH527), an elite indica hybrid rice restorer line, as a recurrent
parent and three high-yielding indica cultivars ZDZ057, Fuhui 838
andTeqing as donor parents. These ILs have beenused in genetic
analysis of various traits [22]. In the present study, we analyzed
the genetic effects andmain features of HL associated with yield
and yield-related traits. We developed four testcross populations
by crossing a set of high yielding ILs and tested, in two years,
four male sterile lines representing the four most commonly
used types of male sterile lines in Chinese hybrid rice breeding
programs.2. Materials and methods
2.1. Plant materials
Shuhui 527 (SH527) is an elite indica restorer line of hybrid rice in
China. High-yielding BC2F3:4 ILs were developed using SH527 as
recurrent parent and ZDZ057 and Teqing as donor parent [22].
Four types ofmale sterile lines (MSL) including XieqingzaoA (XA),
II-32 A (IIA), Gang 46 A (GA), and Jin 23 A (JA) were selected and
crossed as females with the selected ILs and the three parental
lines (Shuhui 527, ZDZ057, and Teqing) to generate hybrids based
on the North Carolina II mating design. Only 57 ILs were
successfully crossed with all MSL. According to the MSL, these
testcross F1 (TCF1) hybrids were divided into four testcross
populations: TCP1 (IIA/ILs), TCP2 (XA/ILs), TCP3 (GA/ILs), and
TCP4 (JA/ILs). In addition, Xieyou 527 (XA × SH527), IIyou 527
(IIA × SH527), Gangyou 527 (GA × SH527), and Jinyou 527 (JA ×
SH527) were included as check combinations (CC).
2.2. Phenotypic evaluation
The experiment was conducted in the growing seasons of
2008 and 2009 (May–September) at the experimental station of
Anhui Academy of Agricultural Sciences, Hefei, China. The 62
parental lines (four maintainer lines, 57 ILs, and SH527), four
TC populations, and four CC were planted in a randomized
complete block design with two replicates. Thirty-day-old
seedlings were transplanted into four-row plots (10 plants
per row) with a spacing of 26.4 cm within rows and 16.5 cm
between rows.
Table 1 – Analysis of variance of grain yield and related traits measured in two years.
Source a df
Trait b
HD PH PL PN GN SN FT GW GY
Replications 1 0 13.3 9.9 8.3 2348.7 195.9 15.7 0.1 0.2
ILs (male) 56 2317.8 ⁎⁎ 4560.9 ⁎⁎ 202.8 ⁎⁎ 202.1 73,945.9 ⁎⁎ 53,165.1 ⁎⁎ 15,177.4 ⁎⁎ 522.1 ⁎⁎ 8322.4 ⁎⁎
Maintainers (female) 3 671.2 ⁎⁎ 6411.2 ⁎⁎ 246.7 ⁎⁎ 681.0 ⁎⁎ 131,957.2 ⁎⁎ 121,752.7 ⁎⁎ 3503.1 ⁎⁎ 639.4 ⁎⁎ 707.6 ⁎
Year 1 1304.4 ⁎⁎ 10,640.3 ⁎⁎ 19.1 ⁎⁎ 0.1 220,928.5 ⁎⁎ 13,931.2 ⁎⁎ 1381.2 ⁎⁎ 6.6 ⁎⁎ 2759.1 ⁎⁎
ILs × maintainers 227 1576.7 ⁎⁎ 3067.5 ⁎⁎ 223.9 ⁎ 685.3 ⁎⁎ 53,840.9 59,837.7 9812.0 ⁎⁎ 433.8 ⁎⁎ 16,979.0 ⁎⁎
ILs × year 56 545.4 ⁎⁎ 1602.1 ⁎⁎ 82.3 174.5 20,754.6 21,267.8 2488.0 ⁎⁎ 166.1 ⁎⁎ 4029.6
Maintainers × year 3 66.8 ⁎⁎ 98.8 ⁎ 20.8 ⁎⁎ 38.6 ⁎⁎ 7563.2 ⁎⁎ 5089.4 ⁎⁎ 2596.9 ⁎⁎ 12.5 ⁎⁎ 2622.7 ⁎⁎
ILs × Maintainers × year 227 771.0 ⁎⁎ 2756.9 ⁎⁎ 139.7 ⁎ 334.9 ⁎ 36,033.6 ⁎ 40,116.9 ⁎ 7457.4 ⁎⁎ 218.9 ⁎⁎ 7339.8
Error 455 2.5 2996.2 333.6 871.5 93,746.8 99,511.1 7010.2 297.0 21,273.0
⁎ Significant at P ≤ 0.05.
⁎⁎ Significant at P ≤ 0.01.
a ILs, introgression lines.
b HD, heading date; PH, plant height; PL, panicle length; PN, panicle number; GN, filled grain number per panicle; SN, spikelet number per panicle;
FT, spikelet fertility; GW, 1000-grain weight; and GY, grain yield per plant.
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evaluation as described by Zhang et al. [22]. The nine traits
evaluated included heading date (HD, d), plant height (PH,
cm), panicle length (PL, cm), panicle number (PN), filled grain
number per panicle (GN), spikelet number per panicle (SN),
spikelet fertility (FT,%), 1000-grainweight (GW, g) and grain yield
per plant (GY, g). The trait measurements of the maintainers
were used to represent those of their corresponding MSL.Table 2 –Means and ranges of grain yield and related traits of I
Year Pop. a Item HD (d) PH (cm) PL (cm) PN
2008 ILs Mean ± SD 99.5 ± 2.2 119.7 ± 4.8 23.1 ± 1.5 9.3 ±
Range 95.0–107.0 106.3–128.0 18.9–26.4 6.1–1
TCP1 Mean ± SD 100.6 ± 2.1 131.8 ± 3.6 23.9 ± 0.9 9.4 ±
Range 91.0–104.0 123.9–138.6 21.4–26.3 7.5–1
TCP2 Mean ± SD 101.3 ± 2.2 126.9 ± 4.5 23.4 ± 1.0 11.1 ±
Range 92.0–105.0 115.0–134.2 21.5–26.2 8.0–1
TCP3 Mean ± SD 101.3 ± 2.1 136.2 ± 5.9 25.5 ± 1.1 8.7 ±
Range 95.0–106.0 109.0–143.3 22.8–28.5 7.0–1
TCP4 Mean ± SD 97.9 ± 3.1 128.1 ± 4.9 24.9 ± 1.0 9.7 ±
Range 85.0–102.0 113.3–135.0 22.3–26.4 7.3–1
2009 ILs Mean ± SD 99.8 ± 2.2 115.6 ± 5.4 22.7 ± 1.4 8.3 ±
Range 93.0–105.0 102.3–127.8 19.2–25.6 5.7–1
TCP1 Mean ± SD 98.1 ± 2.1 123.2 ± 3.4 23.6 ± 1.1 8.6 ±
Range 90.0–102.0 113.8–130.0 21.9–26.9 6.0–1
TCP2 Mean ± SD 97.0 ± 4.4 119.8 ± 5.5 23.6 ± 0.9 10.8 ±
Range 84.0–102.0 103.8–126.5 21.6–26.6 8.0–1
TCP3 Mean ± SD 99.4 ± 1.7 127.1 ± 3.9 24.5 ± 1.2 8.9 ±
Range 95.0–103.0 115.0–134.8 21.7–26.8 5.8–1
TCP4 Mean ± SD 95.0 ± 3.1 120.8 ± 9.2 24.9 ± 1.1 11.3 ±
Range 86.0–100.0 102.0–165.0 23.1–28.7 7.9–1
a ILs, introgression lines; TCP1, TCP2, TCP3, and TCP4 indicate the testcross p
respectively.
b HD, heading date; PH, plant height; PL, panicle length; PN, panicle number;
spikelet fertility; GW, 1000-grain weight; and GY, grain yield per plant.2.3. Genotyping
Large-scale genotyping using SSR markers was described by
Zhang et al. [22]. In theirwork, a total of 128 and 144polymorphic
markers were identified for the SH527/ZDZ057 and SH527/
Teqing populations, respectively. From these polymorphic SSR
markers, 65 and 73 markers evenly distributed throughout the
whole genome and covering all polymorphic genomic regions ofLs and testcross populations measured in two years.
Trait b
GN SN FT (%) GW (g) GY (g)
1.1 100.8 ± 16 114.7 ± 19 88.0 ± 3.5 29.3 ± 2.2 27.3 ± 5.3
1.7 75.0–162.8 84.0–183.7 77.6–94.0 24.6–33.9 12.5–37.0
1.0 129.4 ± 15.7 147.7 ± 17.2 87.5 ± 4.9 28.8 ± 1.1 34.6 ± 4.6
3.3 91.3–168.8 103.6–198.8 73.7–94.4 25.1–30.8 21.4–43.2
1.6 98.1 ± 13.3 116.8 ± 12.7 83.8 ± 5.7 31.2 ± 1.6 33.7 ± 6.1
5.3 65.3–129.0 92.3–153.8 56.6–90.6 27.8–35.5 20.6–49.9
1.0 126.2 ± 23.6 162.6 ± 21.0 78.0 ± 13.0 29.5 ± 1.5 32.8 ± 7.1
2.4 17.2–166.9 116.1–212.2 10.1–92.3 25.9–32.4 3.6–44.3
1.2 112.3 ± 21.3 144.9 ± 17.3 77.3 ± 11.2 28.9 ± 1.7 31.1 ± 6.3
2.7 41.9–146.5 110.0–209.3 30.5–90.1 25.4–33.7 12.1–41.6
1.1 95.4 ± 16.7 109.5 ± 16.8 86.9 ± 5.1 31.0 ± 2.6 23.6 ± 4.9
0.9 64.5–133.1 80.9–159.0 74.5–94.9 25.7–37.3 14.6–35.1
1.4 135.2 ± 15.7 161.9 ± 13.5 83.5 ± 6.1 28.4 ± 1.1 33.1 ± 7.7
2.8 98.9–190.9 132.5–207.0 63.4–92.2 26.5–31.4 20.9–59.7
1.7 115.1 ± 13.7 132.3 ± 13.5 86.9 ± 6.5 30.8 ± 1.5 37.4 ± 6.3
6.4 86.1–143.9 113.0–179.5 66.2–95.4 27.7–33.7 25.3–50.4
1.8 141.7 ± 18.9 168.2 ± 17.2 83.9 ± 7.4 29.6 ± 1.6 36.4 ± 9.0
7.0 82.6–189.9 132.5–215.2 52.5–93.8 24.6–34.0 20.0–68.7
2.0 138.9 ± 14.9 166.3 ± 11.4 83.8 ± 5.8 28.1 ± 1.4 42.7 ± 8.1
6.0 112.5–170.1 142.9–192.2 67.0–95.2 24.7–31.0 29.0–59.8
opulations II-32 A/ILs, Xieqingzao A/ILs, Gang 46 A/ILs, and Jin 23 A/ILs,
GN, filled grain number per panicle; SN, spikelet number per panicle; FT,
Table 3 –Means and ranges of midparent heterosis and relative midparent heterosis for grain yield and related traits measured in two years.
Year Pop. a Item
Trait b
HD (d) PH (cm) PL (cm) PN GN SN FT (%) GW (g) GY (g)
Midparent heterosis
2008 TCP1 Mean ± SD 0.8 ± 2.4 12.1 ± 3.6 1.5 ± 0.7 −0.3 ± 1.2 21.0 ± 16.6 20.2 ± 18.6 2.1 ± 4.6 1.3 ± 1.0 6.8 ± 5.0
Range −8.8 – 4.8 3.0–20.8 0.1–3.5 −2.4 – 5.1 −24.0 – 63.4 −26.2 – 75.8 −12.9 – 8.5 −1.4 – 3.4 −9.9 – 17.5
TCP2 Mean ± SD 17.7 ± 2.5 24.2 ± 4.8 1.9 ± 1.0 1.9 ± 1.4 15.8 ± 13.6 11.8 ± 13.9 6.5 ± 6.0 4.3 ± 1.6 13.0 ± 5.8
Range 8.5–22.5 10.3–34.0 −0.4 – 4.5 −0.9 – 6.3 −15.2 – 46.7 −13.6 – 59.5 −19.8 – 16.7 0.1–8.9 0.6–27.7
TCP3 Mean ± SD 12.9 ± 2.3 24.4 ± 4.8 2.7 ± 1.0 0.1 ± 0.9 27.6 ± 16.4 36.2 ± 19.3 −1.8 ± 7.7 2.7 ± 1.4 9.5 ± 5.9
Range 6.8–16.8 14.7–37.0 0.4–4.5 −1.4 – 1.8 −1.7 – 62.3 −2.8 – 82.4 −27.4 – 8.7 −1.8 – 5.2 0.7–19.8
TCP4 Mean ± SD 15.8 ± 1.9 21.3 ± 3.6 2.7 ± 1.0 −0.2 ± 1.2 25.9 ± 21.8 38.6 ± 20.1 −3.2 ± 11.7 2.7 ± 1.3 8.5 ± 6.6
Range 8.5–18.5 8.8–26.8 1.0–4.5 −2.3 – 2.4 −48.1 – 67.2 11.7–114.2 −50.0 – 8.1 0.0–5.0 −13.2 – 20.7
2009 TCP1 Mean ± SD 0.2 ± 2.4 11.0 ± 4.1 1.6 ± 1.0 −1.1 ± 1.5 31.5 ± 14.1 39.9 ± 12.2 −1.8 ± 5.8 0.5 ± 1.4 5.9 ± 7.3
Range −7.0 – 5.5 −0.6 – 21.8 −0.6 – 4.0 −4.5 – 4.3 −4.2 – 56.0 8.5–63.0 −20.6 – 8.0 −3.4 – 3.8 −7.3 – 31.9
TCP2 Mean ± SD 9.3 ± 4.4 21.0 ± 5.4 2.7 ± 1.1 1.6 ± 1.9 34.1 ± 13.1 35.8 ± 13.2 3.4 ± 5.9 2.5 ± 1.9 17.3 ± 7.6
Range −3.5 – 15.5 3.0–29.0 −0.2 – 5.5 −1.5 – 7.8 5.2–66.3 12.4–84.7 −15.8 – 11.4 −2.1 – 6.3 4.9–40.3
TCP3 Mean ± SD 6.5 ± 1.8 20.2 ± 3.2 2.2 ± 1.2 −0.6 ± 1.5 35.6 ± 18.9 39.8 ± 16.6 1.0 ± 7.0 2.1 ± 1.4 12.9 ± 11.9
Range 2.0–10.5 14.1–26.4 −1.1 – 4.3 −3.5 – 3.5 −21.2 – 80.4 5.0–86.6 −31.3 – 11.1 −1.0 – 4.5 −4.9 – 50.8
TCP4 Mean ± SD 7.4 ± 2.1 5.6 ± 6.2 2.0 ± 1.5 3.0 ± 2.7 48.2 ± 19.3 60.6 ± 14.8 −2.5 ± 7.4 −3.3 ± 3.6 20.3 ± 8.8
Range 4.5–11.0 −6.0 – 18.3 −0.3 – 5.0 −1.1 – 11.1 7.0–86.6 32.0–85.4 −22.4 – 12.1 −10.3 – 3.1 3.9–41.3
Relative midparent heterosis (%)
2008 TCP1 Mean ± SD 0.8 ± 2.4 10.1 ± 3.2 6.7 ± 3.3 −3.0 ± 13.4 20.1 ± 15.9 16.4 ± 15.0 2.5 ± 5.4 4.9 ± 3.9 25.4 ± 19.0
Range −8.8 – 4.9 2.5–18.4 0.4–16.4 −24.2 – 63.0 −20.8 – 60.1 −19.0 – 61.7 −14.9 – 10.5 −4.9 – 13.2 −31.7 – 68.1
TCP2 Mean ± SD 21.2 ± 3.1 23.5 ± 4.9 9.1 ± 4.9 20.6 ± 15.0 20.0 ± 17.8 11.9 ± 14.0 8.4 ± 7.9 16.1 ± 6.2 64.1 ± 30.1
Range 10.2–27.3 9.9–34.4 −1.7 – 21.6 −10.4 – 69.0 −18.8 – 62.3 −11.4 – 63.2 −25.9 – 22.8 0.4–34.4 2.5–125.5
TCP3 Mean ± SD 14.6 ± 2.7 21.7 ± 4.5 11.8 ± 4.4 1.0 ± 10.5 26.9 ± 16.6 28.0 ± 15.1 −2.2 ± 9.6 10.2 ± 5.3 41.1 ± 27.1
Range 7.6–19.4 13.2–34.9 1.7–19.7 −16.3 – 22.8 −1.6 – 62.9 −2.1 – 63.4 −34.0 – 11.5 −6.4 – 19.4 2.7–92.8
TCP4 Mean ± SD 19.1 ± 2.4 19.5 ± 3.4 12.2 ± 4.6 −1.1 ± 12.6 29.3 ± 25.3 36.0 ± 21.0 −3.9 ± 14.5 10.2 ± 5.2 38.7 ± 30.6
Range 10.3–22.4 7.9–24.9 4.3–20.5 −23.8 – 26.3 −53.4 – 84.6 9.9–120.0 −62.1 – 9.8 0.1–19.4 −52.3 – 99.8
2009 TCP1 Mean ± SD 0.2 ± 2.4 10.0 ± 3.9 −11.9 ± 15.5 7.6 ± 5.1 30.4 ± 15.3 −2.5 ± 7.2 2.2 ± 5.3 33.6 ± 11.4 21.9 ± 27.3
Range −7.2 – 5.8 −0.5 – 20.7 −40.3 – 50.7 −2.5 – 19.0 −3.9 – 62.5 −23.2 – 9.7 −11.1 – 14.4 6.4–55.6 −25.9 – 114.8
TCP2 Mean ± SD 10.6 ± 5.0 21.4 ± 5.6 17.0 ± 20.3 13.3 ± 5.7 41.0 ± 19.6 3.3 ± 8.5 9.1 ± 7.0 37 ± 14.8 83.3 ± 40.8
Range −4.0 – 18.1 3.0–30.5 −15.8 – 89.6 −0.8 – 28.9 −18.8 – 89.7 −28.6 – 14.5 −6.8 – 24.3 10.1–89.3 −5.0 – 228.4
TCP3 Mean ± SD 6.9 ± 2.1 18.7 ± 3.2 −6.1 ± 16.4 10.1 ± 5.7 34.2 ± 18.5 1.3 ± 8.3 7.7 ± 5.2 31.8 ± 14.0 51.8 ± 50.3
Range 2.2–11.7 12.9–24.6 −37.6 – 41.9 −4.8 – 22.4 −19.9 – 74.0 −36.8 – 13.8 −3.3 – 17.5 3.6–69.6 −18.7 – 233.7
TCP4 Mean ± SD 8.5 ± 2.4 5.7 ± 6.2 38.5 ± 34.5 9.9 ± 7.7 53.9 ± 29.3 −2.1 ± 8.4 −9.1 ± 10.7 56.5 ± 21.9 91.8 ± 50.6
Range 5.0–12.8 −4.7 – 18.3 −11.1 – 140.5 −1.3 – 24.9 6.1–134.3 −23.5–15.5 −29.4 – 11.6 15.3–101.4 15.7–193.3
a ILs: introgression lines; TCP1, TCP2, TCP3, and TCP4 indicate the testcross populations II-32 A/ILs, Xieqingzao A/ILs, Gang 46 A/ILs, and Jin 23 A/ILs, respectively.
b HD, heading date; PH, plant height; PL, panicle length; PN, panicle number; GN, filled grain number per panicle; SN, spikelet number per panicle; FT, spikelet fertility; GW, 1000-grain weight; and GY, grain
yield per plant.
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472 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 6 8 – 4 7 8the two populations were chosen for genotyping. Given that 32
markers were common to the two ILs populations, 106 markers
were used in the present study. These markers were used to
genotype the four MSL. The genotype of each TCF1 was deduced
from its parents. The TCF1 genotype was assigned as missing if
either of the parental genotypes was heterozygous.
2.4. Data analysis
Midparent heterosis (HMP), relative midparent heterosis (RHMP),
and comparative heterosis (HC) of each testcross combination
were calculated according to the following formulae:
HMP ¼ F1–MP; RHMP ¼ F1–MPð Þ=MP 100;HC ¼ F1–CC;
where F1 is the performance of the F1 hybrid, MP is the mean
of the two parents, and CC is the trait value of the common
checks.
2.5. QTL mapping
To identify QTL underlying heterosis for yield and its related
traits, the four testcross populations were used as mapping
populations. The HMP valueswere used as heterosis phenotypic
values to identify QTL for HMP. QTL analysis was also performed
for the testcross F1 performance. Single-marker analysis was
conductedusing SAS PROCGLM (SAS Institute, 2010). A putative
QTL was assigned at the significance level of P ≤ 0.005. The
genetic effects of the testcross F1 were defined as follows: d =
HMP = [F1 − (IL + MSL) / 2], where F1 is the performance value of
testcross F1, IL is the performance value of introgression lines,
and MSL is the performance value of MSLmeasured using their
corresponding maintainer lines.Table 4 – Correlations betweenmean trait values of ILs and TCF
grain yield and related traits in two years.
Year Item a HD PH PL P
2008 ILs and TCP1 −0.01 0.22 0.55 ⁎⁎ −0.
ILs and TCP2 0.01 −0.03 0.30 ⁎ 0.
ILs and TCP3 0.15 0.26 0.44 ⁎⁎ 0.
ILs and TCP4 0.17 0.03 0.38 ⁎ 0.
TCP1 and HMPP1 0.90 ⁎⁎ 0.78 ⁎⁎ 0.45 ⁎⁎ 0.
TCP2 and HMPP2 0.90 ⁎⁎ 0.87 ⁎⁎ 0.73 ⁎⁎ 0.
TCP3 and HMPP3 0.89 ⁎⁎ 0.89 ⁎⁎ 0.72 ⁎⁎ 0.
TCP4 and HMPP4 0.87 ⁎⁎ 0.83 ⁎⁎ 0.70 ⁎⁎ 0.
2009 ILs and TCP1 0.05 0.13 0.27 −0.
ILs and TCP2 0.13 0.25 0.06 0.
ILs and TCP3 0.15 0.30 0.12 −0.
ILs and TCP4 0.03 0.14 0.04 0.
TCP1 and HMPP1 0.88 ⁎⁎ 0.75 ⁎⁎ 0.78 ⁎⁎ 0.
TCP2 and HMPP2 0.97 ⁎⁎ 0.89 ⁎⁎ 0.78 ⁎⁎ 0.
TCP3 and HMPP3 0.79 ⁎⁎ 0.62 ⁎⁎ 0.83 ⁎⁎ 0.
TCP4 and HMPP4 0.83 ⁎⁎ 0.17 0.36 0.
⁎ Significant at P ≤ 0.05.
⁎⁎ Significant at P ≤ 0.01.
a TCP1, TCP2, TCP3, and TCP4 indicate the testcross populations II-32 A/ILs,
HMPP3, and HMPP4 are the HMP values of TCP1, TCP2, TCP3, and TCP4, respect
b HD, heading date; PH, plant height; PL, panicle length; PN, panicle numbe
FT, spikelet fertility; GW, 1000-grain weight; and GY, grain yield per plant.3. Results
3.1. Performances and variance analysis of heterosis for yield
and related traits
Analysis of variance indicated that the effects of ILs (male),
maintainer lines (female), and ILs × Maintainers were significant
or highly significant in the two years (Table 1) for all traits but PN
(ILs) and GN (ILs × Maintainers) and SN (ILs × Maintainers).
The effects of year and all interaction effects with year were
significant for all traits but PN (Year) and PL, PN, GN, SN, and
GY (ILs × Year) and GY (ILs × Maintainers × Year).
The means and ranges of yield and eight related traits
measured are shown in Table 2. Wide variations were observed
for all the nine traits in the ILs and TC populations in the two
years. For the traits of PH, PL, SN, and GY, the TC populations
had higher average trait values than the IL populations in both
years. PN of the TCP3 and GN of the TCP2 population were lower
than those of the IL populations in 2008. For FT, the TC
populations showed lower values than the IL populations in the
twoyears. ForHD, threeTCpopulations includingTCP1, TCP2, and
TCP3 showed higher values than the IL populations in 2008 but
lower values in 2009. TCP4 showed lower values than the IL
population in both years. For GW, two TC populations, TCP2 and
TCP3, showed higher values than the IL population in 2008 but
lower values in 2009. TCP1 andTCP4 showed lowerGWthan the IL
population in the two years.
Heterosis for the nine measured traits in the four TC
populations is described in Table 3. Positive midparent heterosis
(HMP) in the TC populations in the two years was observed for all
traits but PN (TCP1 and TCP4 in 2008, TCP1 and TCP3 in 2009),
FT (TCP3 and TCP4 in 2008, TCP1 and TCP4 in 2009), and GW (TCP41, and between mean trait values of testcross F1 and HMP for
Trait b
N GN SN FT GW GY
20 0.06 0.14 0.12 0.47 ⁎⁎ 0.05
26 0.11 0.09 0.15 0.40 ⁎⁎ 0.29 ⁎
21 0.31 0.22 0.26 0.46 ⁎⁎ 0.34 ⁎
00 0.12 −0.02 0.19 0.38 ⁎⁎ 0.00
88 ⁎⁎ 0.84 ⁎⁎ 0.83 ⁎⁎ 0.92 ⁎⁎ 0.60 ⁎⁎ 0.86 ⁎⁎
93 ⁎⁎ 0.85 ⁎⁎ 0.79 ⁎⁎ 0.96 ⁎⁎ 0.74 ⁎⁎ 0.88 ⁎⁎
67 ⁎⁎ 0.89 ⁎⁎ 0.87 ⁎⁎ 0.78 ⁎⁎ 0.59 ⁎⁎ 0.80 ⁎⁎
90 ⁎⁎ 0.95 ⁎⁎ 0.91 ⁎⁎ 0.99 ⁎⁎ 0.76 ⁎⁎ 0.92 ⁎⁎
10 0.20 0.34 ⁎ 0.14 0.28 0.12
04 0.30 0.35 ⁎ 0.18 0.15 0.22
18 −0.01 0.05 −0.06 0.26 −0.25
06 0.30 0.34 −0.03 −0.27 0.25
93 ⁎⁎ 0.86 ⁎⁎ 0.75 ⁎⁎ 0.91 ⁎⁎ 0.44 ⁎⁎ 0.94 ⁎⁎
89 ⁎⁎ 0.83 ⁎⁎ 0.81 ⁎⁎ 0.93 ⁎⁎ 0.72 ⁎⁎ 0.84 ⁎⁎
93 ⁎⁎ 0.90 ⁎⁎ 0.86 ⁎⁎ 0.93 ⁎⁎ 0.53 ⁎⁎ 0.58 ⁎⁎
76 ⁎⁎ 0.56 ⁎⁎ 0.31 0.75 ⁎⁎ 0.65 ⁎⁎ 0.72 ⁎⁎
Xieqingzao A/ILs, Gang 46 A/ILs, Jin 23 A/ILs, respectively. HMPP1, HMPP2,
ively.
r; GN, filled grain number per panicle; SN, spikelet number per panicle;
Table 5 – QTL for heterosis of yield and related traits identified in four testcross populations in two years.
Trait a QTL b Pop. c Year Marker Chr. d Pos. (cM) P R2(%) e D f
HD qHHD1 TCP1 2008 RM151 1 36.2 0.0000 20.7 0.01
qHHD2a TCP4 2009 RM110 2 6.9 0.0049 20.7 −2.90
TCP2 2009 RM110 2 6.9 0.0007 12.9 −29.00
qHHD2b TCP1 2008 RM279 2 17.3 0.0000 20.8 −1.38
TCP2 2008 RM279 2 17.3 0.0006 15.9 1.66
TCP2 2009 RM279 2 17.3 0.0036 13.1 1.95
qHHD2c TCP2 2008 RM8 2 28.7 0.0005 12.8 −6.00
qHHD2d TCP1 2008 RM452 2 58.4 0.0000 19.8 −0.42
qHHD2e TCP2 2008 RM263 2 127.5 0.0001 16.2 −9.43
qHHD7 TCP1 2008 RM5847 7 81.1 0.0000 29.3 −8.70
qHHD11 TCP3 2008 RM479 11 50.6 0.0000 24.1 −5.16
PH qHPH1 TCP2 2009 RM297 1 155.9 0.0005 13.6 9.59
qHPH2a TCP2 2009 RM110 2 6.9 0.0000 19.9 −9.54
qHPH2b TCP4 2008 RM279 2 17.3 0.0008 23.9 −4.52
TCP1 2009 RM279 2 17.3 0.0008 12.1 3.70
TCP2 2009 RM279 2 17.3 0.0006 16.5 3.36
qHPH2c TCP3 2008 RM423 2 28.7 0.0009 17.3 5.85
qHPH2d TCP1 2008 RM5699 2 42.1 0.0009 13.7 −0.04
qHPH2e TCP1 2008 RM452 2 58.4 0.0009 13.8 −0.15
TCP4 2008 RM452 2 58.4 0.0001 27.7 0.55
qHPH4 TCP2 2008 RM307 4 0 0.0008 10.0 −14.22
qHPH6 TCP1 2008 RM5463 6 124.4 0.0009 11.4 −1.70
TCP4 2008 RM5463 6 124.4 0.0009 21.8 1.85
qHPH7 TCP1 2008 RM5847 7 81.1 0.0009 11.5 −8.34
qHPH9 TCP1 2008 RM160 9 82.4 0.0009 11.4 3.45
PL qHPL3 TCP3 2008 RM3779 3 21.5 0.0008 15.2 −2.06
PN qHPN4 TCP2 2008 RM451 4 115.5 0.0005 12.6 3.36
qHPN5 TCP4 2009 RM289 5 56.7 0.0009 22.1 8.16
qHPN7 TCP1 2009 RM4584 7 2.2 0.0009 10.7 −0.38
qHPN9 TCP2 2009 RM160 9 82.4 0.0003 13.1 −3.16
GN qHGN1a TCP4 2009 RM1247 1 9.5 0.0004 17.5 −22.12
qHGN1b TCP1 2008 RM9 1 92.4 0.0007 14.6 1.99
qHGN2a TCP1 2008 RM279 2 17.3 0.0008 13.8 −0.81
qHGN2b TCP1 2008 RM5699 2 42.1 0.0008 13.0 3.11
qHGN3 TCP1 2008 RM186 3 168.2 0.0004 16.1 5.34
qHGN8 TCP1 2008 RM210 8 90.3 0.0007 14.6 −18.56
qHGN9 TCP3 2008 RM257 9 66.1 0.0008 19.5 22.32
qHGN10a TCP4 2008 RM1146 10 57.5 0.0001 25.0 −77.03
qHGN10b TCP4 2008 RM147 10 99.8 0.0009 18.1 37.55
qHGN11a TCP2 2008 RM116 11 41.7 0.0005 10.8 17.10
qHGN11b TCP1 2008 RM254 11 110 0.0007 14.9 1.98
SN qHSN1a TCP1 2008 RM151 1 36.2 0.0009 11.9 −10.19
qHSN1b TCP1 2008 RM9 1 92.4 0.0007 14.6 −2.14
qHSN2 TCP1 2008 RM5699 2 42.1 0.0007 14.9 3.85
qHSN3a TCP4 2008 RM5748 3 55.8 0.0008 18.4 42.99
qHSN3b TCP1 2008 RM186 3 168.2 0.0002 17.1 2.87
qHSN5 TCP3 2009 RM405 5 28.6 0.0007 12.5 37.24
qHSN7a TCP3 2008 RM481 7 3.2 0.0008 16.8 39.20
qHSN7b TCP4 2008 RM560 7 54.2 0.0001 27.5 −53.57
qHSN11 TCP2 2008 RM116 11 41.7 0.0001 15.6 −30.00
FT qHFT2a TCP2 2009 RM279 2 17.3 0.0008 13.7 7.31
qHFT2b TCP1 2008 RM324 2 66 0.0005 12.3 −15.32
qHFT2c TCP3 2008 RM138 2 196.8 0.0002 21.2 26.54
TCP4 2008 RM138 2 196.8 0.0004 15.7 23.69
qHFT6 TCP1 2008 RM136 6 51.2 0.0004 9.9 4.43
qHFT10a TCP4 2008 RM1146 10 57.5 0.0000 34.7 −48.72
qHFT10b TCP4 2008 RM147 10 99.8 0.0010 21.2 22.51
GW qHGW1 TCP2 2008 RM151 1 36.2 0.0008 15.1 −2.41
qHGW2 TCP1 2008 RM263 2 127.5 0.0006 12.2 −2.05
qHGW3 TCP1 2009 RM282 3 100.6 0.0009 14.2 −1.13
qHGW6 TCP1 2009 RM5463 6 124.4 0.0009 12.6 −1.58
GY qHGY1 TCP2 2008 RM297 1 155.9 0.0004 9.2 9.75
qHGY2a TCP1 2008 RM110 2 6.9 0.0010 9.8 −6.28
qHGY2b TCP2 2008 RM8 2 28.7 0.0004 9.0 −11.70
qHGY2c TCP3 2009 RM5699 2 42.1 0.0009 9.2 10.25
(continued on next page)
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Table 5 (continued)
Trait a QTL b Pop. c Year Marker Chr. d Pos. (cM) P R2(%) e D f
qHGY3 TCP1 2008 RM3779 3 21.5 0.0009 10.1 −8.88
qHGY4 TCP2 2008 RM451 4 115.5 0.0004 8.9 11.63
qHGY6a TCP3 2009 RM276 6 40.3 0.0010 13.4 12.67
qHGY6b TCP3 2009 RM5463 6 124.4 0.0009 9.1 10.36
qHGY10 TCP4 2008 RM1146 10 57.5 0.0002 23.3 3.78
a HD, heading date; PH, plant height; PL, panicle length; PN, panicle number; GN, filled grain number per panicle; SN, spikelet number per panicle;
FT, spikelet fertility; GW, 1000-grain weight; and GY, grain yield per plant.
b A main-effect QTL was considered significant at P ≤ 0.005. Boldfacing indicates that the QTL was also identified in the testcross F1 data for the
same trait.
c Pop. represents population; TCP1, TCP2, TCP3, and TCP4 indicate the testcross populations. II-32 A/ILs, Xieqingzao A/ILs, Gang 46 A/ILs, and Jin
23 A/ILs, respectively.
d Chr. represents chromosome.
e R2 represents the phenotypic variation explained by main-effect QTL.
f D represents dominance effect of main-effect QTL.
GY
474 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 6 8 – 4 7 8in 2009). Grain yield showed the highest relative midparent
heterosis (an average of 52.3%), followed by GN (32.0%), GW
(25.0%), PH (16.3%), SN (11.6%),HD (10.2%), PL (9.7%), PN (7.3%), and
FT (1.8%) of the four TC populations over the two years. The
relative HMP levels for most traits varied from highly negative to
highly positive in the TCF1 over the two years.
3.2. Correlation between traits in ILs and TC populations
The correlations between thephenotypic values of the individual
introgression line and those of its TCF1 were not significant for
most traits (Table 4). In 2008, significant positive correlations
were observed for PL and GW in all four TC populations and for
GY in TCP2 andTCP3 (Table 4). In 2009, significant correlationwas
observed only for SN in TCP1 and TCP2 (Table 4). Significant
positive correlations were observed between the phenotypic
values of the TCF1 andHMP for all the nine traits in 2008 (Table 4).
In 2009, the correlation was not significant for PH, PL, and SN in
TCP4 (Table 4).
3.3. QTL for heterosis
Phenotypic values of midparent heterosis were used to identify
QTL for heterosis. A total of 62 QTL were detected for the nine
traits in the four TC populations under two years (Table 5).
Most of these QTL individually explained more than 10% of
the phenotypic variation.
Eight QTL were identified for HD. Five of themwere located
on chromosome 2 and the other three on chromosomes 1, 7,
and 11, respectively. The phenotypic variations explained by
individual QTL ranged from 12.9% to 29.3%. Two QTL, qHHD2a
and qHHD2b, were identified in two of the TC populations,
while the other six QTL were identified in only one of the TC
populations. QTL qHHD2a and qHHD2b identified in TCP2 in
2009 exerted effects in opposite directions. Similarly, QTL
qHHD2b and qHHD2c identified in TCP2 in 2008 and exerted
effects in opposite directions.
Ten QTL were identified for PH, of which five were located
on chromosome 2, two on chromosome 6, and the remaining
three on chromosomes 4, 7, and 9. The phenotypic variationexplained by each QTL ranged from 12.1% to 27.7%. Three QTL,
qHPH2b, qHPH2e, and qHPH6, were identified in three, two and
two of the TC populations, respectively. The other seven QTL
were identified in only one of the populations. QTL qHPH2a and
qHPH2b were identified in TCP2 in 2009 and showed opposite
effects. Similarly, QTL qHPH2b and qHPH2e identified in TCP4 in
2008 and showed opposite effects.
Only one QTL for PL was identified in TCP3 in 2008. It was
located on chromosome 3 and explained 15.2% of the phenotypic
variation.
Four QTL associated with PNweremapped to chromosomes
4, 5, 7, and 9. The phenotypic variations explained by each QTL
ranged from10.7% to 22.1%. qHPN4and qHPN9were identified in
TCP2 in 2008 and 2009, respectively. qHPN5 and qHPN7 were
identified in TCP4 and TCP1 in 2009, respectively.
Eleven QTL associated with GN were mapped to chromo-
somes 1, 2, 3, 8, 9, 10, and 11. Chromosomes 1, 2, 10, and 11 were
assigned two QTL each. The phenotypic variation explained by
the QTL ranged from 10.8% to 25.0%. Six QTL, qHGN1b, qHGN2a,
qHGN2b, qHGN3, qHGN8, and qHGN11b, were identified in TCP1 in
2008. qHGN9 and qHGN11a were detected in 2008 in TCP3 and
TCP4, respectively. qHGN10a and qHGN10b were identified in
TCP4 in 2008. qHGN1awas identified in TCP4 in 2009.
For SN, nine QTL were mapped to chromosomes 1, 2, 3, 5, 7,
and 11. Chromosomes 1, 3, and 7 were assigned two QTL each.
The phenotypic variation explained by individual QTL ranged
from 11.9% to 27.5%. Four QTL, qHSN1a, qHSN1b, qHSN2, and
qHSN3b, were identified in TCP1 in 2008. qHSN11was detected in
TCP2 in 2008. qHSN5 and qHSN7a were identified in TCP3 in 2009
and 2008, respectively. qHSN3a and qHSN7b were identified in
TCP4 in 2008.
Six QTL for FT were mapped to chromosomes 2, 6, and 10.
Three QTL were on chromosome 2 and two were on chromo-
some 10. The phenotypic variations explained by individual QTL
ranged from 9.9% to 34.7%. QTL qHFT2c was identified in TCP3
and TCP4 in 2008. qHFT2b and qHFT6 were identified in TCP1 in
2008. qHFT2awasdetected inTCP2 in 2009. qHFT10a and qHFT10b
were identified in TCP4 in 2008.
FourQTL forGWweremapped to chromosomes 1, 2, 3, and 6.
The phenotypic variation explained by individual QTL ranged
Table 6 – QTL for grain yield and related traits identified using the performance of testcross F1 in two years.
Trait a QTL Year Pop. b Marker Chr. Position (cM) P R2(%) c
HD qHD1a 2008 TCP1 RM151 1 51.0 0.0001 15.2
2009 TCP1 RM151 1 51.0 0.0003 14.8
qHD1b 2009 TCP2 RM297 1 155.9 0.0026 10.7
qHD2a 2009 TCP2 RM110 2 6.9 0.0000 20.8
qHD2b 2008 TCP1 RM279 2 17.3 0.0028 10.7
2009 TCP2 RM279 2 17.3 0.0000 25.1
qHD2c 2008 TCP1 RM71 2 49.8 0.0004 10.6
qHD2d 2008 TCP1 RM452 2 58.4 0.0003 13.4
qHD2e 2008 TCP3 RM263 2 127.5 0.0003 13.4
2008 TCP4 RM263 2 127.5 0.0002 14.3
2008 TCP2 RM263 2 127.5 0.0010 9.4
2009 TCP2 RM263 2 127.5 0.0010 11.7
qHD3 2008 TCP1 RM5393 3 146.1 0.0000 13.4
qHD6 2008 TCP1 RM276 6 40.3 0.0004 10.6
2009 TCP4 RM276 6 40.3 0.0021 12.9
qHD7 2008 TCP1 RM5847 7 81.1 0.0000 13.8
2009 TCP1 RM5847 7 81.1 0.0000 16.0
qHD11 2008 TCP1 RM479 11 50.6 0.0002 11.4
2008 TCP3 RM479 11 50.6 0.0010 11.3
PH qPH1a 2008 TCP4 RM151 1 36.2 0.0043 11.4
qPH1b 2008 TCP4 RM562 1 78.4 0.0029 9.4
2009 TCP2 RM562 1 78.4 0.0016 10.9
qPH1c 2009 TCP2 RM297 1 155.9 0.0007 13.3
qPH2a 2009 TCP2 RM110 2 6.9 0.0000 23.5
qPH2b 2008 TCP4 RM211 2 14.4 0.0010 15.0
2009 TCP2 RM211 2 14.4 0.0020 13.6
qPH2c 2009 TCP2 RM279 2 17.3 0.0000 22.2
qPH2d 2008 TCP4 RM452 2 58.4 0.0009 14.3
qPH2e 2009 TCP2 RM263 2 127.5 0.0000 17.0
qPH2f 2008 TCP1 RM213 2 186.4 0.0041 7.5
qPH4 2008 TCP4 RM273 4 94.4 0.0029 9.4
2009 TCP2 RM273 4 94.4 0.0016 10.9
qPH5 2009 TCP2 RM440 5 92.7 0.0016 10.9
qPH8 2008 TCP4 RM284 8 83.7 0.0029 9.4
2009 TCP2 RM284 8 83.7 0.0016 10.9
qPH11a 2008 TCP4 RM2459 11 10.3 0.0029 9.4
qPH11b 2009 TCP2 RM479 11 50.6 0.0016 10.9
qPH11c 2009 TCP2 RM229 11 77.8 0.0016 10.9
PL qPL2 2008 TCP1 RM106 2 123.2 0.0019 8.2
qPL4 2008 TCP4 RM261 4 35.4 0.0018 10.3
qPL9 2008 TCP1 RM566 9 47.7 0.0008 10.7
qPL10 2008 TCP4 RM1873 10 48.4 0.0018 10.4
qPL11 2008 TCP2 RM116 11 41.7 0.0024 8.0
PN qPN4 2008 TCP2 RM451 4 115.5 0.0020 8.3
qPN7 2009 TCP1 RM4584 7 2.2 0.0047 10.0
qPN9 2009 TCP2 RM160 9 82.4 0.0032 13.3
GN qGN2 2008 TCP1 RM213 2 186.4 0.0001 12.7
qGN7 2009 TCP1 RM432 7 43.5 0.0048 10.6
qGN9 2008 TCP1 RM566 9 47.7 0.0026 8.9
2009 TCP3 RM107 9 82.4 0.0033 10.6
qGN10 2008 TCP4 RM1146 10 57.5 0.0019 10.2
qGN11 2008 TCP2 RM116 11 41.7 0.0025 8.0
SN qSN1 2009 TCP2 RM488 1 101.4 0.0004 18.0
qSN2 2008 TCP1 RM213 2 186.4 0.0010 9.6
qSN7 2008 TCP3 RM481 7 3.2 0.0009 11.7
qSN8 2008 TCP4 RM210 8 90.3 0.0010 14.1
qSN9a 2009 TCP2 RM444 9 3.3 0.0034 12.4
qSN9b 2008 TCP1 RM566 9 47.7 0.0033 8.5
qSN11 2008 TCP2 RM116 11 41.7 0.0002 11.4
FT qFT7 2008 TCP4 RM481 7 3.2 0.0039 9.0
qFT9a 2009 TCP4 RM566 9 47.7 0.0011 16.1
qFT9b 2009 TCP3 RM107 9 82.4 0.0019 11.9
qFT9c 2009 TCP4 RM160 9 82.4 0.0040 15.8
qFT12 2008 TCP1 RM19 12 20.9 0.0035 7.5
(continued on next page)
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Table 6 (continued)
Trait a QTL Year Pop. b Marker Chr. Position (cM) P R2(%) c
GW qGW2 2008 TCP1 RM263 2 127.5 0.0004 10.3
qGW3 2008 TCP1 RM5393 3 146.1 0.0000 14.3
qGW4 2008 TCP1 RM335 4 21.5 0.0008 10.7
qGW6a 2008 TCP2 RM204 6 25.1 0.0049 7.0
qGW6b 2008 TCP1 RM3 6 74.3 0.0003 12.9
GY qGY1 2009 TCP2 RM488 1 101.4 0.0022 14.7
qGY4 2008 TCP2 RM451 4 115.5 0.0026 7.9
qGY5 2009 TCP4 RM153 5 0.0 0.0025 16.7
a HD, heading date; PH, plant height; PL, panicle length; PN, panicle number; GN, filled grain number per panicle; SN, spikelet number per panicle;
FT, spikelet fertility; GW, 1000-grain weight; and GY, grain yield per plant.
b TCP1, TCP2, TCP3, and TCP4 indicate the testcross populations II-32 A/ILs, Xieqingzao A/ILs, Gang 46 A/ILs, and Jin 23 A/ILs, respectively.
c R2 represents the phenotypic variation explained by main-effect QTL. A main-effect QTL was considered significant at P ≤ 0.05.
476 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 6 8 – 4 7 8from 12.2% to 15.1%. qHGW1 was identified in TCP2 in 2008.
qHGW2was identified in TCP1 in 2008. qHGW3 and qHGW6were
identified in TCP1 in 2009.
Nine QTL associated with GY were mapped to chromosomes
1, 2, 3, 4, 6, and 10. Chromosome 2 had three QTL and
chromosome 6 had twoQTL. The phenotypic variation explained
by individual QTL ranged from 8.9% to 23.3%. Two QTL, qHGY2aTable 7 – The six testcross F1 combinations with highest comp
Entry Year HD (d) PH (cm) PL (cm
Comparative heterosis b
II-32 A/WD-16 2008 1.3 1.8 −0.2
2009 0 0.9 0.7
Mean 0.7 1.3 0.2
II-32 A/WD-36 2008 −0.7 6.6 0.2
2009 0 0.6 −0.3
Mean −0.3 3.6 0
Xieqingzao A/WD-34 2008 0.7 0.8 −0.6
2009 −1.0 −9.8 1.2
Mean −0.2 −4.5 0.3
Xieqingzao A/WD-110 2008 1.7 3.0 −0.1
2009 −2.0 −5.8 −1.5
Mean −0.2 −1.4 −0.8
Jin 23 A/WD-25 2008 0.5 2.9 −1.2
2009 3.0 0.3 0.4
Mean 1.8 1.6 −0.4
Jin 23 A/WD-126 2008 1.5 −5.5 −0.2
2009 4.0 4.0 1.7
Mean 2.8 −0.7 0.8
Performances of four check combinations
II-32 A/Shuhui 527 2008 100.7 131.7 24.4
II-32 A/Shuhui 527 2009 98.0 122.1 24.6
Xieqingzao A/Shuhui 527 2008 100.3 126.1 24.0
Xieqingzao A/Shuhui 527 2009 98.0 123.3 24.1
Gang 46 A/Shuhui 527 2008 101.8 137.6 26.6
Gang 46 A/Shuhui 527 2009 105.5 129.0 25.0
Jin 23 A/Shuhui 527 2008 97.5 128.9 26.1
Jin 23 A/Shuhui 527 2009 95.0 115.8 25.0
a HD, heading date; PH, plant height; PL, panicle length; PN, panicle numbe
FT, spikelet fertility; GW, 1000-grain weight; and GY, grain yield per plant.
b Comparative heterosis (HC) = F1 − CC, where F1 is the performance of tand qHGY3, were identified in TCP1 in 2008. Three QTL, qHGY1,
qHGY2b, and qHGY4, were identified in TCP2 in 2008. Three QTL,
qHGY2c, qHGY6a, and qHGY6b, were identified in TCP3 in 2009.
qHGY10was identified in TCP4 in 2008.
A few chromosomal regions had multiple QTL for the
same and/or different traits. They were the region surrounding
the RM9–RM297 region in chromosome 1, the RM110–RM279–arative heterosis for grain yield.
Trait a
) PN GN SN FT (%) GW (g) GY (g)
0.2 6.5 2.4 3.0 0 3.3
2.5 1.1 −0.4 1.1 −1.7 7.3
1.3 3.8 1.0 2.0 −0.8 5.3
−0.8 15.0 16.5 0.2 −1.1 4.9
4.8 25.1 23.8 2.5 −0.5 23.4
2.0 20.1 20.2 1.4 −0.8 14.1
1.7 4.6 9.4 −2.7 −1.6 5.2
1.2 14.8 34.1 −8.1 −2.9 5.3
1.5 9.7 21.7 −5.4 −2.3 5.2
2.9 1.7 −3.9 4.4 −0.4 10.0
2.9 −20.6 −30.1 4.4 −1.1 2.3
2.9 −9.4 −17.0 4.4 −0.8 6.1
2.2 −2.7 −6.9 2.0 −0.4 6.4
4.2 16.7 22.5 −2.0 −3.0 21.8
3.2 6.9 7.8 0.0 −1.7 14.1
3.0 −15.7 −14.7 −2.2 0.0 6.5
5.4 0.7 10.1 −4.9 0.2 22.1
4.2 −7.5 −2.3 −3.6 0.1 14.3
10.2 134.9 151.0 89.4 28.9 39.1
7.9 158.9 139.8 87.8 29.7 32.3
12.4 98.2 115.2 85.3 32.7 39.9
9.7 145.4 125.3 86.3 31.9 38.2
9.8 141.3 165.2 85.3 30.8 42.1
10.3 171.7 155.8 90.7 29.3 46.6
9.4 124.1 150.7 82.4 30.2 35.0
10.8 158.9 141.8 89.3 28.3 42.9
r; GN, filled grain number per panicle; SN, spikelet number per panicle;
he F1 hybrid and CC is the trait value of the common checks.
477T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 6 8 – 4 7 8RM8–RM5699–RM452 region in chromosome 2, the RM5463 locus
on chromosome 6, and the RM1146–RM147 region in chromo-
some 10.4. Discussion
In this study, a total of 62 QTL underlying heterosis for yield and
its related traits were detected in four testcross populations
across two years. Of these, 22 QTL were common to the testcross
F1 and HMP data sets (Tables 5, 6), which was consistent with the
correlation results betweenTCF1 andHMP for thenine traits. Forty
QTL were detected using only HMP, especially for FT and GY
(Tables 5 and 6). The QTL for TCF1 performance found in the
present study, namelyRM297 for PH, RM213 forGN, RM213 for SN,
and RM3 for GW (Table 5), were detected as well by Zhang et
al. [22] using the IL populations. Weak but positive correla-
tions between parental and hybrid performance for GY and
yield-related traits were observed (Table 4), suggesting their
control by different sets of genes and suggesting the potential
to increase the yield of hybrids by increasing the yield of
parental lines [23]. Most QTL explained more than 10% of the
phenotypic variation individually in this study. However, the
variation explained by a single QTL for heterosis was less
than 10% inmost of the heterosis QTLmapping studies in rice
[11,13,24,25]. The discrepancies among those studies may
result from differences in materials, methods and threshold
for identifying QTL [26]. Of the 62 QTL for heterosis, only one
was identified in multiple years, suggesting that QTL underlying
heterosis are influenced by environment and QTL-by-environ-
ment interaction effects, as reported in previous studies [26,27].
Six of the 62 QTL for heterosis were detectable in only one of the
four populations in the present study, a finding consistent with
the finding that MSL effects were significant for most of the
traits. Several QTL for some traits could be identified in different
TC populations, including qHHD2a and qHHD2b for HD, qHPH2b,
qHPH2e, and qHPH6 for PH, and qHFT2c for FT. The effect
directions of these QTL in different TC populations was the
same in some cases (qHHD2a and qHFT2c), and different in the
other cases (qHHD2b, qHPH2b, qHPH2e, and qHPH6). A similar
phenomenon has been observed in previous studies [25–27]. The
allele difference, the presence ofmultiple alleles, and dominance
and epistasis effects may account for the variation in magnitude
and direction of the heterosis effect [18,27].
The validity of some QTL underlying heterosis for grain yield
and related traits in the present study is supported by previous
studies. qHPH2d, qHGN2b, qHSN2, and qHGY2c were colocalized
with the previously reported QTL, D-hd2 [26]. qHGN11b for filled
grain number per paniclewas colocalizedwith hsp11 [21]. qHGW1
for 1000-grain weight was colocalized with QGw1 [16] and hgw1
[21]. qHGY2a for grain yield mapped to the same chromosomal
region as the previously reported QTL QYp2 [16]. Specifically, the
regions surroundingmarkers RM110 and RM279 on chromosome
2, where QTL for several traits were detected, coincided with the
location of qGY2-1, a yield-enhancing QTLmapped by Li et al. [28]
and cloned byZha et al. [29]. The location of qHGN11bnear RM254
on chromosome 11 coincidedwith that of hsp11, a heterotic locus
that increased the number of spikelets per panicle [16,21]. In
addition, a few chromosomal regions harboring multiple QTL
for the same or different traits were observed. They were theRM9–RM297 region on chromosome 1, the RM110–RM279–RM8–
RM5699–RM452 region on chromosome 2, the RM5463 locus on
chromosome 6, and the RM1146–RM147 region on chromosome
10. Similar concentrated distributions of QTL have also been
observed in many other studies [16,21,26,28,30]. The results
observed in this study suggested that particular attention should
be paid to such markers and QTLs, which are viable candidates
for marker-assisted improvement of rice yield potential in future
studies.
In this study, we analyzed the genetic effects and main
features of HL associated with yield and yield-related traits in
testcross F1 combinations derived from a set of ILs. Advanced-
backcross progeny such as ILs have been widely used in QTL
mapping studies of crops [31]. ILs offer a precise estimate of
genetic effects of introgression in a relatively uniform and elite
lineage background [20,21]. They thus allow reliable definition
of core genomic segments for target traits and further genetic
improvement. The present study shows that ILs derived from
multiple donors test-crossed with elite MSL could facilitate the
identification and transfer of useful QTL for heterosis. About 45%
(28 of 62) of QTL associated with midparent heterosis showed
significantly positive heterotic effects (P ≤ 0.005) on yield-related
traits. In particular, the QTL for GY, FT, and GN showed positive
heterosis effects. For all nine traits evaluated, we identified QTL
with alleles of the donor parents contributing to improved hybrid
performancewhen transferred to the recurrent parent SH527. For
instance, the ZDZ057 alleles of qHPN7 and qHPH6 detected in the
testcross F1 combinations II-32 A/WD-36 and Jin23A/WD-25,
Teqing alleles of qHGY4 and qHPN4 detected in the testcross F1
combinationXieqingzaoA/WD-110, and Teqing alleles of qHSN7b
detected in Jin23A/WD-126 all showed significantly higher
comparative heterosis of GY over two years (Table 7). These
results suggested that partially substituting a segment of
chromosomeof an elite parental line (such as SH527) by choosing
donors could lead to the development of new breeding lineswith
markedly increased heterosis.Acknowledgments
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